Atomic-scale electron spectroscopic imaging on sputtered magnetic tunnel junctions ͑MTJs͒ with a thin, Ͻ2 nm, MgO layer and B-alloyed electrodes reveals B diffusion into the MgO, resulting in a Mg-B-O tunnel barrier. This ϳ2 nm thick interfacial layer forms due to oxidation of CoFeB during radio frequency sputtering of MgO and subsequent B diffusion into MgO during annealing. We measure a room-temperature tunneling magnetoresistance ͑TMR͒ of ϳ200% in IrMn/CoFeB/Mg-B-O/CoFeB MTJs after annealing, demonstrating that thin Mg-B-O barriers can produce relatively high TMR.
Due to their high tunneling magnetoresistance ͑TMR͒, MgO-based magnetic tunnel junctions ͑MTJs͒ have become a key component for magnetoresistive random access memory technology, a potential universal memory solution, along with becoming the sensor element for advanced harddrive read heads. A remarkably high TMR of 1010% at 5 K was recently reported in sputtered CoFeB/MgO/CoFeB MTJs with a 2.1 nm thick MgO barrier, 1,2 approaching the theoretically predicted value for epitaxial Fe/MgO/Fe MTJs. 3, 4 However, the presence of a substantial concentration of BO x in MgO layers has been reported by several groups when MgO is deposited by radio frequency ͑rf͒ sputtering on CoFeB. [5] [6] [7] [8] [9] As rf sputtering is the likely manufacturing growth technique, these observations raise the questions of what drives the incorporation of BO x into the MgO barrier, of how the BO x is distributed within the barrier, and of whether high TMR can be achieved with a mixed oxide Mg-B-O tunnel barrier.
We have employed atomic-scale spectroscopic imaging 10 ͑SI͒ of CoFeB/MgO interfaces and of CoFeB/MgO/CoFeB MTJ structures in conjunction with current-in-plane tunneling 11 ͑CIPT͒ measurements to examine these questions. In the MgO/CoFeB bilayer case, we observe that BO x forms at the interface due to the preferential oxidation of B in CoFeB during rf sputtering of MgO, and that a uniform, but amorphous Mg-B-O interfacial layer forms due to subsequent B diffusion during annealing. We also observe Mn diffusion from the IrMn pinning layer into the Mg-B-O layer after annealing. In CoFeB/MgO/CoFeB MTJ structures with oxide thicknesses ranging from 1. 12, 13 suggesting why this mixed oxide barrier layer is thermally stable.
To study the single MgO/CoFeB interface we grew a thin film stack of seed layer/ IrMn͑15͒ / Co 60 Fe 20 B 20 ͑4͒ / MgO͑10͒ / capping layer ͑in nm͒ on a thermally oxidized Si wafer in a vacuum system with a base pressure of 3 ϫ 10 −9 Torr. The capping layer was Ta ͑8͒/Ru ͑7͒ and the seed layer was Ta͑5͒ / ͓Cu͑N͒͑20͒ / Ta͑3͔͒ ϫ 4, which served as a low resistance bottom layer, necessary for the CIPT measurements. The stack was annealed in a separate vacuum system at 350°C for 90 min. Figure 1 shows transmission electron microscope ͑TEM͒ images of the stack before and after annealing. Before annealing, we observe a sharp interface between the polycrystalline MgO and the CoFeB. After annealing, a ϳ2 nm thick, amorphous layer forms between the MgO and the electrode, indicated by the arrow in Fig. 1͑b͒ . To examine the chemical properties of the amorphous layer observed in the annealed case, we acquired electron energy-loss ͑EEL͒ SI data, which give two-dimensional chemical maps at atomic resolution using an aberrationcorrected Nion UltraSTEM, 10 of the as-grown and annealed MgO/CoFeB interfaces. Figures 1͑a͒ and 1͑b͒ insets show the red/green ͑RG͒ plots of O ͑red͒ and B ͑green͒ concentration maps of the as-grown and annealed MgO/CoFeB interfaces respectively ͑see supplementary Figs. 1 and 2 in EPAPS for additional elemental maps 14 ͒. The TEM images ͑Fig. 1͒ and the concentration maps ͑Fig. 1 insets͒ were acquired from different regions of the samples. For spectroscopic studies, the electron dose was carefully monitored to minimize radiation damage of the barrier layers ͑rectangular holes in the MgO layer can sometimes form due to radiation damage͒.
In the as-grown case ͓Fig. 1͑a͒ inset͔, metallic B is found in the base electrode layer as expected. From B K EEL spectroscopy ͑EELS͒ data, however, B near the MgO/CoFeB interface is found to be BO x , formed due to oxidation of the base electrode during rf sputtering of MgO. 6, 7 In the annealed case, B is not observed in the base electrode layer, indicated by the absence of green in the RG plot shown in Fig. 1͑b͒ inset. Instead, the yellow region in the inset reveals that a significant amount of BO x is formed within the amorphous interfacial layer because mixing of red ͑O͒ and green ͑B͒ yields yellow ͑BO x ͒ in the RG color scheme. The absence of B in the electrode and the substantial amount of BO x in the interfacial layer suggest that B from the electrode diffused into the MgO during annealing, forming a local BO x bonding configuration which adds to the small amount of BO x that formed at the interface during growth. The uniformity of the yellow color in Fig. 1͑b͒ inset suggests that the concentration of BO x is uniform within the interfacial layer. We also observe Mg in the interfacial layer so we conclude that the interfacial layer is a composite Mg-B-O material.
We note that in the annealed case, Mn is observed in the interfacial layer, but not in the electrode ͑supplementary Fig.  2͑e͒ in EPAPS 14 ͒, indicating that Mn has diffused through the electrode to the MgO during annealing and may also be oxidized in the interfacial layer. Mn in a MgO layer may reduce TMR in MgO-based MTJs as suggested by the recent report which achieved high TMR without the IrMn pinning layer. 1 In general, the thin ͑1-2 nm͒ MgO layer in a full MTJ remains ͑poly͒crystalline after annealing, 1 unlike our observation here that an amorphous Mg-B-O layer forms at the MgO/CoFeB interface. In the single interface case where the MgO is thick ͑10 nm͒, the strain of growing MgO on CoFeB could be released fully during annealing by producing two separate phases-a crystalline, low-energy equilibrium state of the top MgO and an amorphous transition Mg-B-O layer near the interface. In MgO-based MTJs where the MgO layer is Յ2 nm thick, it may be energetically favorable for MgO to be a disordered, polycrystalline layer that readily accommodates the inclusion of BO x than to separate into two phases, a crystalline and an amorphous phase. 15 To examine the structural and chemical characteristics of the thin MgO layer in a complete MTJ structure and compare them with the MgO/CoFeB bilayer study, we sputter-deposited multilayer thin films using the same deposition conditions as the bilayer case. The structure was Si/ SiO x / seed layer/ IrMn͑15͒ / Co 60 Fe 20 B 20 ͑4͒ / MgO͑1.1-2.2͒ / Co 60 Fe 20 B 20 ͑3͒ / capping layer ͑in nm͒, where the seed and the capping layers were the same as before. 16 As in the bilayer study, our EELS measurements show that a Mg-B-O layer forms instead of the expected MgO after annealing. However, contrasting with the bilayer case, the Mg-B-O layer in the annealed, thin MTJ structure is nanoscale polycrystalline, exhibiting lattice fringes matching those of MgO, as shown by a scanning TEM ͑STEM͒ image in Fig. 2͑a͒ . We note that the lattice fringes run throughout the thickness of the barrier layer, suggesting that the crystalline and amorphous phases are not separated in the thin barrier regime. Figures 2͑c͒ and 2͑d͒ show the B and O K EELS data taken from the annealed MTJ with a 2 nm thick barrier layer, as shown in Fig. 2͑b͒ . Two types of B K EELS edge, metallic B and BO x , were observed in the MTJ stack. The fine structure of the metallic B consists of one broad edge and is only found in the seed and capping layers ͑indicated by spectra lines 1 and 30͒. The fine structure of BO x , consisting of two distinct peaks, appears in the oxide layer ͑bolded spectra lines 12-15͒, indicating the formation of Mg-B-O. Figure  2͑d͒ shows that while BO x remains in the barrier layer after annealing, the O-O ordering of the layer is similar to that of MgO, as indicated by the three distinct peaks in the O K edge. 17 The normalized concentration profiles of BO x and O across the MTJ stack ͓Fig. 2͑e͔͒, closely overlap, suggesting that BO x is incorporated uniformly throughout the thickness of the barrier layer within the accuracy of our measurements.
Three atomic configurations are possible for the observed Mg-B-O layer, as illustrated in Fig. 3 . The atomic configurations of Figs. 3͑b͒ and 3͑c͒ are indistinguishable in our measurements when the grain size is much smaller than the sample cross section ͑10-20 nm͒ because EELS and STEM provide thickness-averaged information as electrons pass through the sample. However, the lattice fringes observed in the Mg-B-O layer ͓Fig. 2͑a͔͒ suggest that the layer cannot take the configuration illustrated in Fig. 3͑d͒ . From the EELS measurements, the B/O and Mg/O concentration ratios in the barrier layer in the full MTJ are roughly 8% ͑Ϯ2%͒ and 67% ͑Ϯ11%͒, respectively. The uncertainty is due to background subtraction issues in the B K EELS analysis and oxidized electrodes. The concentration ratios suggest an approximate composition of Mg 4 B ϳ0.5 O 6 , which can be decomposed to 4 MgO and 1/4 B 2 O 3 . ͑The excess O may be due to surface oxygen on the sample and oxidized electrodes or systematic errors in the assumed EELS cross sections.͒ X-ray photoemission spectroscopy 6 and scanning tunneling spectroscopy 16 show that the barrier material has different chemical and electronic properties after annealing, confirming that a Mg-B-O material forms during annealing. As noted, B is not observed in the electrodes after annealing ͓the spectra obtained from the electrodes are flat in Fig. 2͑c͔͒ indicating that any unoxidized B ions diffused out of the electrodes and into the adjacent layers during annealing. The diffusion of B, a glass forming material, out of the electrodes during annealing enables the crystallization of the electrodes, templated by the barrier, which is believed to improve TMR due to enhancement of coherent tunneling. 3, 4 Despite this, or perhaps because of the substantial BO x content in the barrier layer, these structures exhibit highly spin-polarized tunnel currents. Figure 4 shows TMR versus resistance-area ͑RA͒ product measurements for as-grown and annealed samples. 16 As expected from the literature, the TMR increases with annealing temperature. After annealing at 350°C, the TMR ranges between 150% and 200% for the different thicknesses of the Mg-B-O layer in CoFeB/Mg-B-O/CoFeB MTJs that we have studied here. Our results show that MTJs with a Mg-B-O barrier achieve a large TMR of ϳ200% after annealing. These samples also show STEM and EELS results similar to Fig. 2 .
In summary, we observe the formation of a Mg-B-O interfacial layer after annealing in single MgO/CoFeB interfaces studied via atomic-scale SI. In working MTJs where the barrier layer is less than 2 nm thick, a hybrid, polycrystalline Mg-B-O barrier layer forms after annealing. We attribute the Mg-B-O formation to the selective oxidation of B at the surface of the base electrode during growth and the subsequent B diffusion and its reaction with the MgO during annealing. Mg 2 B 2 O 5 and Mg 3 B 2 O 6 compounds exist naturally, suggesting that the hybrid Mg-B-O, or ͑MgO͒ x ͑B 2 O 3 ͒ y , may be more stable than a mixture of MgO and BO x . Because these CoFeB/Mg-B-O/CoFeB MTJs achieve relatively large TMR of ϳ200% despite the Mg-B-O formation, they are a good candidate in the technologically important very thin Յ1 nm barrier regime, where the simple deposition of an oxide barrier alone is likely to result in pinholes.
